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Abstract 
Experiments on absorption of TmCl3 and Tm(NO3)3 from dry acetonitrile and aqueous solutions, respectively, were 
performed using carboxylated multiwalled carbon nanotubes with conic and cylindrical displacement of graphene layers. 
Using HAADF TEM imaging and EDX spectroscopy it was found that in the first case the chemisorption with complex 
compound formation with oxygen from carboxylated MWCNTs takes place while in the later this process is hampered by 
kinetic factor and side reactions with water. The data obtained are in good agreement with results of thermal-mass spectral 
and elemental CHNSO analysis. This particularity allows using transmission electron microscopy and related techniques for 
direct surveying of light atoms-containing groups on the surface of carbon materials. In the case of carboxylated cylindrical 
and conic MWCNTs it demonstrate that nanotubes in the second case are uniformly covered by functional groups while in 
the first – near the ends of tubes and the local defects along the surface.  
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1. Introduction 
The results obtained demonstrate that adsorption of from anhydrous acetonitrile solution allow to stain 
oxygen-containing groups on the surface of multiwalled carbon nanotubes with conic and cylindrical 
displacements of the graphene layers. Positions of functionalizing groups on the surface of both cylindrical and 
conical MWCNT was determined using HAADF with EDX technique. Cylindrical nanotubes have oxygen-
containing groups only in surface defects and in the ends of the nanotubes. Conical ones have functional groups 
on whole surface uniformly. Impossibility of complete decarboxylization of conical nanotubes was shown. 
Adsorption of from the water solution does not allow to stain oxygen-containing groups on cylindrical 
multiwall nanotubes due to their low concentration and concurrence with formation of aqueous complex of 
Tm3+.
 
Structured carbon nanomaterials (CNM) can be considered as a class of the unique objects that combines 
advanced surface with chemical inertness, electrical conductivity and thermal stability, as well as the possibility 
of chemical modification and variation of pore size distribution. All these facts opens up huge prospects for 
their practical use in the manufacturing of electronic devices, systems for energy storage, generation and 
conversion, supports for metal catalysts and additives in composite materials, including polymeric.  
For most of application the chemical modification of surface is necessary. The fist point in this process is 
carboxylation, e.g. formation of carboxyl groups on their surface for providing the additional interactions with 
different matrixes. For these purposes the treatment by strong mineral acids, H2O2, ozone are most common. 
For the quantitative and qualitative characterization of pristine materials, as well as modified ones, different 
methods can be used: thermogravimetry with mass spectral control of the degradation products, IR and Raman 
spectroscopy, elemental analysis, NMR spectroscopy and XPS. However, these methods do not allow 
evaluating the localization of oxygen atoms in the structure of nanomaterials. Although it might be very 
important when nanotubes are used for further chemical transformation or introduced in different matrixes.  
Indispensable tool for this purpose is high-resolution electron microscopy (HREM) in transmission and 
scanning transmission modes. When used together with electron energy loss spectroscopy (EELS), high angle 
annual dark field detection (HAADF) and energy dispersive X-Ray microanalysis (EDS) this unique technique 
allow getting almost full information about the material under investigation “as is”.  
Due to small number of electrons for oxygen (and for other light atoms - N, P, S, B) direct spectral 
identification of them by EELS and, especially, EDS is hampered by low sensitivity or, if beam intensity is 
rather high, destruction or displacement of the sample during the analysis. There are few articles devoted to 
immobilization of different heavy atoms containing fragments across the atoms under investigation. It can be 
done by covalent bonding [1] or introduction to complex compound [2]. In the fist case the problem could be in 
the yield of the reaction which is usually never equal to 100% due to the steric difficulties and in the latter – in 
kinetics of complexation. In spite of the data published in [3] we believe that equilibrium of last reaction  in 
aqueous solutions needs long time, thus present work deals with the use of thulium complex compound in non-
aqueous media to stain oxygen atoms. Accordingly to [4] thulium nitrate hydrolyzes in a significantly shorter 
period and forms more stable complexes with oxygen-containing ligands; Tm also can be easily identified by 
EELS and EDS, and the use of HAADF in STEM modes makes it localization clear. In order to prevent the 
side hydrolysis with further adsorption all the reaction were performed in dry acetonitrile media. As a reference 
experiment the same procedures were repeated in aqueous solutions of thulium nitrate.  
2. Experiment 
Multiwall carbon nanotubes were synthesized by CVD technique, as published in [5], and purified from 
amorphous admixtures and metal particles by air annealing at 350oC for 2 hours in the air with further acid 
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wash in concentrated HCl (80 oC, 4 hours). Thulium chloride (anhydrous) and thulium nitrite hydrate were 
purchased from Sigma-Aldrich. Commercially available acetonitrile (Merck) was additionally purified before 
the experiments by distillation. 
JEM 2100F ¿eld-emission transmission electron microscope (JEOL, Japan) operated at 200 kV was used to 
acquire HRTEM images in a scanning TEM mode (spot size 0.7 nm), TEM mode as well as for EDS and EELS 
spectra collection and HAADF imaging. Samples for the TEM experiments were prepared by drip a diluted 
dispersion of nanotubes with adsorbed Tm in appropriate solvent to a 400 mesh copper grids with holey carbon 
coating. 
The amount of carboxyl groups was estimated by thermogravimetry with mass spectral analysis of outgoing 
gases using NETZSCH 449 PC LUXX STA analyzer and Aoelos 409 quadruple mass spectrometer in argon 
atmosphere (20 ml/min) and supported by elemental CHNSO analysis using Elementar Vario MicroCube. 
2.1. Preparation of oxygen-containing nanotubes. 
MWCNTs of conic and cylindrical displacement of graphene layers were functionalized in concentrated 
(67%) nitric acid by boiling for 6 hours under stirring. The weight ratio of nanotubes and acid was about 1:7. 
After that materials were washed with distilled water until neutral pH and separated on the track membrane 
(PET, pore size 200-500 nm). After vacuum filtration carbon materials were dried in the vacuum oven for 8 
hours. Decarboxylation were performed by annealing of carboxylated materials in argon flow in tube furnace at 
400oC for 4 hours. 
2.2. Tm3+ adsorbtion. 
Both carboxylated and decarboxylated carbon nanotubes were dispersed in 0,1mM of appropriate (aqueous 
or acetonitrile) solution of thulium salt. Concentrations of MWCNTs in solutions obtained were 0,5 mg/ml. For 
prevention of hydrolysis in the case of acetonitrile all the experiments were performed in Labconco (USA) 
Glove box under argon atmosphere (O2 < 2ppm, H2O < 1 ppm). In this case staining was performed in 
hermetically sealed container when to MWCNTs and thulium chloride anhydrous acetonitrile was added from 
syringe through the hermetic rubber cap. All the dispersions (aqueous and acetonitrile) were sonicated for 30 
min (22 kHz, 600 W) stay for a 24 hours. Finally, modified nanotubes were washed by appropriate solvent for 
several times and filtered.  
3. Results and disscution 
The HRTEM images of purified and carboxylated carbon nanotubes with cylindrical and conic displacement 
of graphene layers are given in Fig. 1. All the structures after carboxylation demonstrates side defects, but their 
amount in the second case is greater since sp3-hybrid carbon atoms are on the edges of layers. That is why that 
the expected number of carboxyl groups is also bigger for conic MWCNTs.   
Carboxylation of nanotubes yields to formation of different types of oxygen-containing surface groups – 
carboxyl, hydroxyl, keto and lacto with dominance of first two types [6]. 
The thermal analysis results (Fig. 2 a, b), performed in argon atmosphere, show the pyrolysis of material and 
allow to estimate the amount of such groups. Accordingly to mass spectral data (Fig. 2 c, d) for outgoing gases 
the weight loss in the range 80-180 oC corresponds to elimination of adsorbed moisture, after 350 oC the 
carboxyl groups start elimination, other effects under higher temperatures can be referred to transformation of 
to lacto-groups.  
On the basis of the maximums of the corresponding DSC curves decarboxylation temperatures of 400 oC for 
both materials were selected. The mathematical interpretation of the mass loss leads to amount of the oxygen 
28   S.V. Savilov et al. /  Procedia Engineering  93 ( 2014 )  25 – 33 
containing groups in the material. The values obtained are in good agreement with the results of elemental 
analysis (Table 1). As proposed in the beginning oxygen content in conic MWCNTs is almost 2 times higher. 
After decarboxylation some oxygen left on the surface in the form of lactones, their decomposition require 
temperatures more than 1200oC.   
 
 a    b 
Fig. 1. HRTEM images of cylindrical (a) and conic (b) MWCNTs. 
  
   
Fig.2. STA results for decarboxylation of MWCNTs: a, b – TG and DSC curves for cylindrical and conic MWCNTs, c, d – corresponding 
fluctuations of ion currents for selected masses. 
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Table 1. The amount of oxygen containing groups in MWCNTs calculated from thermal and elemental analysis data. 
Oxygen content (weight, %) Material 
STA CHNS,O 
Carboxylated cylindrical MWCNTs 7,2 8,8 
Decarboxylated cylindrical MWCNTs 0,8 1,3 
Carboxylated conic MWCNTs 13,8 15,0 
Decarboxylated conic MWCNTs 2,4 4,0 
 
It can be also assumed that due to the singularity of the graphene layers displacement in the case of conic 
nanotubes the oxygen-containing groups should be uniformly displaced along the surface of tubes, while for 
cylindrical they may be concentrated near the ends of tubes and the surface defects. The staining of oxygen-
atoms by formation of complex compound with metals can also prove this fact.  
The thulium cations have to establish chemical bonding with all types of oxygen containing groups mention 
above as it shown on Fig.3. 
After chemical reaction of thulium ions with oxygen-containing groups of carbon nanotubes, samples were 
thoroughly washed and dried and after that investigated by HRTEM in scanning mode with HAADF detection. 
Exposition of the carboxylated cylindrical MWCNTs by acetonitrile solution of thulium (III) chloride for 24 
hours leaded to formation of complexes Tm3+ with oxygen-containing ligands mostly at the ends, from where 
the catalyst particles were washed out as well as on the defect sides of the tubes. The images obtained are 
presented in Fig.4. The presence of thulium can be easely proved by registration of EDX spectra (from the 
areas, marked by red rectangular). This element demonstrates electronic transitions correspond to 7.19 keV in 
spectrum. 
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Fig.3. The scheme of complex compound formation on the surface of MWCNTs. 
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Fig.4. HAADF images and EDX spectra from the thulium-stained carboxylated cylindrical MWCNTs. 
HAADF investigations of the material after adsorption of thulium (III) chloride from acetonitrile solution on 
the nanotubes with conical displacement of the graphene layers under the same experimental conditions 
demonstrate that the whole surface of nanotubes is coated by metal ions almost uniformly (Fig. 5). 
 
 
a 
b 
 
Fig.5. HAADF images and EDX spectrum from thulium-stained carboxylated conicMWCNTs. 
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Thus the proposed technique of oxygen atoms staining with thulium salts in anhydrous organic solutions 
allows visualizing positions of oxygen-containing groups on functionalized multiwall nanotubes of different 
structure. 
Next two experiments were performed under the same conditions with decarboxylated nanotubes in order to 
estimate the of the physically adsorbed thulium cations on the surface of nanotubes. HAADF images and 
corresponding EDX spectra (Fig. 6) show that this amount is negligible. Some metal present in the material, 
mostly on conic nanotubes, but it is probably deals with this impossibility of full elimination of oxygen from 
the surface, which is supported by oxygen contents data (Table 1). 
 
a 
b 
  
 
 
c d 
 
Fig. 6. HAADF images after thulium adsorption on decarboxylated MWCNTs: a - conical, b – cylindrical; c, d – corresponding EDX 
spectra. 
In order to compare two types of adsorption conditions – in non-aqueous media and from water solutions the 
same experiments with aqueous Tm(NO3)3 solutions were performed.  
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HAADF images and EDX spectra demonstrate the absence of thulium complex compound on the surface of 
carboxylated cylindrical tubes (Fig.7). EDS results just pointed out on iron particles inside the channels of 
nanotubes, which can not be fully washed by acid treatment. Nevertheless when the oxygen contents is much 
higher, e.g. in the case of carboxylated conic nanotubes, thulium complex still can be detected (Fig.8). 
On the basis of the results obtained it can be assumed that under low concentration of oxygen-containing 
groups on the surface of the material the complex compound formation with carboxylated nanotubes does not 
occur. It might be explained by kinetics of the process [2] or obtaining of aqueous complex with H2O as a 
ligand as a result of concurrent reaction. 
 
  
Fig. 7. HAADF images and EDX spectrum after Tm(NO )  adsorption from water solution on carboxylated cylindrical MWCNTs. 3 3
  
Fig. 8. HAADF images and EDX spectrum after Tm(NO )  adsorption from water solution on carboxylated conic MWCNTs. 3 3
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4. Conclusion 
The results obtained demonstrate that adsorption of TmCl  from anhydrous acetonitrile solution allow to 
stain oxygen-containing groups on the surface of multiwalled carbon nanotubes with conic and cylindrical 
displacements of the graphene layers. Localization of 
3
functional groups on the surface of nanotubes can be 
registered by HRTEM in HAADF mode; the compositions of the material can be supported by EDX spectra. 
The direct surveying of the positions of oxygen atoms is possible due to complex compound formation with 
Tm3+ ions. HAADF imaged show that because of the difference in the defectiveness of conic and cylindrical 
nanotubes the first ones are uniformly covered by functional groups after carboxylation while second – just 
near the ends of tubes and the local defects along the surface. It is also proved that decarboxylation process can 
not be performed completely.  
Formation of the same complexes in aqueous solutions is not effective for staining, especially under low 
concentration of oxygen-containing groups because of either kinetics of the process or aqueous complex 
formation. 
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